Near-well condensate banking has been recognized as a main factor causing deliverability loss of condensate wells. The problem is particularly acute for low-permeability high-yield condensate systems. Tbe very high-yield nature of the hydrocarbon leads to a significant condensate dropout once the reservoir pressure becomes lower than the original dew point pressure. The low-permeability rocks, in turn, cause significant pressure drops exacerbating condensate banking.
Introduction
Well deliverability is an important subject for appraisal and development of condensate field. It is a critical parameter which provides forecasts of production and well requirement. The well deliverability is also needed for designing facility and for determining overall economics of field development.
During early development of the near-critical Cupiagua field, condensate banking and tight formation rock have been recognized as important factors which could affect long-term well deliverability. Extensive studies have been carried out through laboratory fluid PVT experiments, reservoir condition core floods, partial and full-field compositional modelling to understand the Cupiagua subsurface process mechanisms and to optimize the field development. The work on well deliverability presented in this paper is part of the on-going Cupiagua subsurface activities at BP Exploration-Colombia, which operates the Cupiagua field.
Accurate prediction of long-term well deliverability can be attained via a rigorous compositional modelling approach involving a good description of reservoir rock parameters, an accurate equation of state (EOS) for the reservoir fluid and an adequate near wellbore mechanistic model within the simulator. The near-wellbore model would include non-Darcy effects and viscous force enhanced condensate mobility '"2 One much simpler alternative to compositional modelling for well deliverability is the use of pseudo-pressure function to represent the pressure drop across the flowing bottomhole into 6s1 the reservoir. This approach involves the assumption of a steady state flow condition within the reservoir at any time during production. Such an approximation significantly simplifies the governing flow equations, while simultaneously captures the essential physics involved. This approach appeared to have been first used by O'Dell and MiIlerJ for a lowpermeability and high-yield condensate reservoir. The concept has since been adopted and tested by several authors4'5"bfor calculating condensate well deliverability. Particularly notable is the work by Fevang and Whitson who formally formulated the three flow regimes during condensate banking in terms of steady-state pseudo-pressure functions and emphasized the important requirement of production GOR for the pseudosteady state model,
The main objective of this work is to develop a capability of forecasting well deliverability for the Cupiagua field. This capability could be achieved through rigorous compositional modelling and validation of model results with available field data. Further, the validated compositional model is then used to evaluate the pseudo-steady-state model for routine calculations of well deliverability.
In this paper, we first present a brief description of the main PVT properties of the Cupiagua field. Then, we discuss one-D compositional modelling to match the production data from three appraisal wells. The compositional model provides a basis for understanding the mechanisms and factors, which control the well production during depletion. The pseudosteady-state mode[ was then reviewed. The production GOR is deemed a key measurable parameter, which mechanistically signals the production efficiency and serves as input to the pseudo-steady-state model. me factors which control the production GOR increase was investigated using the compositional model. Finally, the pseudo-steady-state-model was evaluated by comparing with the EOS compositional model in terms of predicted in-situ PVT properties, and with fieldmeasured gas production data.
The Field and the Hydrocarbon System
The giant Cupiagua field lies in the deep Colombian FoothiIls Belts of the Llanos Basin in Colombia. The true vertical depths for the hydrwarbon reservoirs are typically beyond 10,750 ft sub-sea with in-situ pressures and temperatures higher than about 6200 psi and 240"F, respectively. The hydrocarbon column covers a seemingly communicating vertical thickness of about 5000 feet, within which the reservoir temperature increases from 240"F at the crest to about 300°F near the hydrocarbon-water contact. The combined geologic and thermodynamic conditions (i.e. deep, high temperature and high pressure, hydrocarbon sources and a continuous hydrocarbon column) imply complex reservoir fluid phase behavior and PVT properties. Indeed, most of the hydrocarbons exist as a near critical condensate system with an average surface condensate yield of 300 stb/mmscf and condensate API gravity of about 42-43°. Figures 1 and 2 highlight the main characteristics of the hydrocarbon system. Figure 1 shows the original reservoir pressure and fluid saturation pressure versus vertical depth and reservoir temperature. The dew-point pressure distribution versus depth was calculated through an EOS, along with a compositional extrapolation methodology'. The EOSpredicted PVT properties (including dew point pressure) were validated with 10 fluid samples which were collected during a two-year period. It shows that the hydrocarbon dew-point pressure changes rather mildly in the range of 5300 to 5350 psia within a vertical distance of 5000 feet. The increasing reservoir pressure with depth then makes the fluid increasingly undersaturated down-dip. Figure 2 is a pressure-temperature phase diagram for a fluid sampled at 12,300 ftss TVD interval. It is shown that the in-situ hydrocarbon system is close to a thermodynamic critical condition, and when depleted below the dew point pressure a significant liquid condensate (40-45~0 HCPV) will drop out for most pressure conditions. Based on observation from laboratory experiment (opalescence, phasevolume relationship, etc.) the fluid system remains at a near critical condition for pressures down to about 4000 psi. There were several measured In data for the Cupiagua hydrocarbon systems; for example, at 255°F and 5000 psia, the IFT was measured to be about 0.0 I dyne/cm8.
One-D Single-Well Compositional Modelling and Matching of Production Data
For a period of about two years, long-term production fluid production data were obtained from three appraisal wells, designated as Wells A, B and C. To understand the singlewell production mechanisms and to later validate the pseudosteady-state model, a one-D radial single-weIl compositional model was developed.
Our compositional model uses the commercial VIP Reservoir Simulator by Landmark. The model consisted of i00 radial grid-blocks with uniform rock properties. The gridblock sizes are non-uniform, with a logarithmic progression toward radial reservoir boundary; the ten inner-most gridblocks have thickness ranging from I to 2 feet. Basic model input data for reservoir and near-well flow properties were determined from petrophysical core data and well test14 during early production. Table 1 lists certain model parameters of interest.
The compositional model takes into account the effect of the near well non-Darcy turbulence effect. The "turbulence" factors used were determined through well testing14. A single set of relative permeability curves was used for the three well. Effect of near-critical low interracial tension on relative permeability was accounted for in a conventional manner. A critical condensate saturation of 32% PV was used in the model. A single EOS, along with a field-wide compositional tab!e, was used to initialize the hydrocarbon system for each well. In accordance with surface production operation, the model set tubing head pressure equal to 1200 psi for all times and used wellbore hydraulics to calculate the flowing bottomhole pressures (FBHP) and the production rates. During the one-D modelling and matching of available production data, it was thought that the production GOR is an important measured parameter which indicates the production efficiency of the well. The production GOR, in addition, is a required input parameter in the pseudo-steady-state model, which will be discussed later. At the time of the work, there was uncertainty about the size of drainage area covered by each testing well. The drainage radius, used in the model, affects critically the production GOR behavior. As a result, it was decided to express the model-predicted GOR directly in terms of the cumulative gas production (CGP), and compare the results with field-measured counterparts, CGP versus the field measured data for the three wells. It is shown that the compositional model is capable of correlating accurately the GOR behavior versus CGP. From the good match, we identified two important parameters which affect the observed GOR behavior among the three wells; these are the degree of fluid undersaturation (Table 2 ) and the drainage radius used in each well. Both factors are related to reservoir energy to sustain a single-phase system and to impede twophase propagation. Figure 4 compares the model-calculated GOR versus measured data during a pressure build-up test, which occurred after the well had been on production for two month. It is shown that the model-predicted GOR is consistent with the data, in that a higher shut-in pressure lowers the production GOR.
The good accuracy of the compositional model with respect to field production data lends confidence to using the model to investigate process mechanisms (particularly with respect to factors controlling GOR increase), and to examine validity of the pseudo-steady-state model. Both subjects will be presented later. For completeness, a brief discussion on the formulation of pseudo-steady-state model is made in the following section.
Review and Discussion of Pseudo-Steady-State Model
The delineation of flow regime by phase behavior occurred during depletion of condensate reservoirs has been discussed in the literature. s'b910 For discussion, we follow the description by Fevang and Whitson, who denoted the possible flow regimes by Region 1: occurring nearest to the producing well, where there are two flowing hydrocarbon phases (gas and condensate);
Region 2: containing only one flowing phase (gas) and with a condensate saturation less than its critical value; and Region 3: containing only one phase (gas), with regional pressure greater than the original dew point pressure.
Depending on pressure and fluid phase behavior, one or two regions could disappear, The definition of the three flow regions is consistent with physics and can be analyzed through the pseudo-steady-state model. It is important to notice that the integration for the pseudopressure is carried out with respect to pressure. Further, the relative permeability ratio, related to the integrand functions in Equation (2) where qg and qo are the volumetric flow rates of gas and oil (within the hydrocarbon stream), and zi is the overall flowing hydrocarbon component mole fraction, So and Sg are the flowing condensate and gas saturations in the ji'owing hydrocarbon stream (Region 1). In other words, according to Equation (3), if the pseudosteady-state assumption holds, then the relative permeability ratio and the flowing hydrocarbon fractions are purely thermodynamic properties, dependent only on the local pressure and the total composition zi, which is a constant throughout the flowing regions. In particular, for Region 1, where there are two flowing phases, qg/qo is the same as So/Sg obtained from a constant-composition-expansion to the local pressure using zi as the original composition. With thermodynamic information from an EOS, the pseudo-pressure integration of Equation (2) can be carried out numerically.
From the equations and discussion above, it can be recognized that the pseudo-steady-state model requires three key input parameters, related to reservoir fluids; these are:
1.
2.
3 . .
The flowing bottomhole pressure (Pbh)-the lower bound of the integration in Equation (2): In general, Pbh is constrained by the tubing head pressure. In our compositional modelling work, a wellbore hydraulics package is used in connection with the compositional model to calculate Pbh during depletion. The Pbh value, however, must be available in the pseudosteady-state model. The average reservoir pressure (Pr)-the upper bound of the integration in Equation (2): The Pr value are general determined through material balance, given a value of drainage radius. Most importantly, the flowing composition, zi* at a given time of interest. The flowing compositions, zi*, is equivalent to the production GOR measured at surface. As pointed out by Fevang and Whitson, the production GOR (or zi*) is the key of the pseudo-steady-state model. In field production situation, the production GOR can be measured, and the increase of GOR would signal reduction of well productivity. An important subject of forecasting well deliverability is to be able to predict the GOR trend during production.
Assuming now that the production GOR is known from field production or from a compositional model, then we can calculate mathematically the flowing composition (zi*), corresponding to this GOR. Using a good EOS, the dew-point pressure at reservoir temperature for the GOR can be calculated; this dew-point pressure is designated as P*. Based on the values of P* versus the original dew-point pressure (designate as Pdew), we can have three conditions of flow regimes which are important when calculating the integration iñ uation (2); these are in time sequence: 1. P*=Pdew<Pi, or equivalently the production GOR is equal to the original GOR and zi* equal to the original composition:
The flow is under an infinitely acting condition (a true steady-state, stabilized flow, period). Such a flow condition occurs the earliest after a well is put on production.
Since the flowing composition is the original one, and P* = Pdew, Region 2 cannot exist. Yet if Pbh<Pdew Region 1, which has twoflowing hydrocarbon phases, will exist. In general. therefore, Region 1 occurs earlier than Region 2. Furthermore, with Region 2 being absent, the condensate saturation profile should exhibit an sharp discontinuity from zero to the critical condensate saturation when the reservoir pressure drop below the original dew point pressure. This observation can be used for testing numerical accuracy of a compositional model as well as accuracy of a pseudo-steady-state model. 2. P*< PdewePe, or production GOR larger than the original GOR: the three flow regions could co-exist simultaneously. Based on cases studied in this work, the time period covering such a flow condition is relatively short. 3. P*>Pe and production GOR is larger than the original GOR: The entire reservoir has been depleted and two flowing hydrocarbon phases prevail through out the reservoir. For the case with near-wellbore non-Darcy effect, the gas rate, qg, becomes quadratic with respect to the pseudopressure function, i.e. 
.(6).
In Equation (6), f is an adjustable parameter introduced by Coats12 to reflect uncertainty of the correlation for~. Thus, with the pseudo-pressure function determined from the pseudo-steady-state model, the quadratic equation (4) can be soIved for qg for the case with non-Darcy effect.
Interpretation of One-D M=hanism
and GOR Behavior In field production test, the production GOR data are normally reported. An increasing trend of GOR would signal declining efficiency of a producing condensate well. The production GOR, in addition, is also an essential input requirement to the pseudo-steady-state model. The production GOR data were thus considered a key matching parameter when validating the compositional mode} (see Figures 3 and 4) .
We now use the one-D compositional model to analyze the phase behavior, the evolution of the pseudo-steady-state flow regions and the factors governing GOR increase during production. These subjects are important for using the pseudosteady-state model. Throughout the discussion in this section, the model parameters for Well A (Table 1) are used. Figure 6 shows the production GOR versus cumulative gas production (CGP). Also plotted are the evolutions of Region I and Region 2 during production. We can observe that appearance of Regions I and 2 occurs earlier than the increase of GOR from its original value.~is implies that during production there is a time period in which the three flow regions coexist while flow is subject to infinitely-acting-reservoir condition. However, for the case studied, such a flow period is relatively short in the production life. The GOR soon increases and the Region 2 and 1 expand very rapidly (see siopes of Regions 1 and 2 curves in Figure 6 ). Two-flowinghydrocarbon phases prevailed throughout the entire reservoir after about 10 BSCF CGP according to the model. Figure 7 plots the radial pressure profiles versus radial distance from well for several time steps (CGP). Itis shown that for P(r)>Pdew, we have a single-phase flow condition. Under such condition, the reservoir pressure is proportional to qgB#' gln(r )/KH. Thus! aS gas rate> qg.declines with time! the slope of pressure in the single-phase regime decreases. This causes the single-phase pressure curves to flatten out faster with time, accelerating the rapid expansion Region 2. Figure 8 plots the in-situ condensate saturation versus the grid pressure for several time steps. Both So and pressure being thermodynamic variables, a graphical presentation of these two variables would have bearing on the pseudo-steadystate behavior discussed in the preceding section. From Figure 8 , we observe that at early times (say CGP<6.5 BSCF), there is a sharp discontinuity of So curves changing from zero This numerical result confirms the steady-state infinitely-acting reservoir flow condition discussed in the preceding section. Region 2 is absent and, with PbhcPdew (see Figure 7) , Region has appeared during this time period.
A careful study of the So curves in Figure 8 reveals that at around CGP=6.5 BSCF, (revaporization occurs. The timing of (revaporization was found to coincide with GOR increase (shown in Figure 6 ). This above observation leads us to investigate closely the causes of GOR increase through phase behavior.
In Figures 9 and 10 , we plot, respectively, the trends of near well pressure and condensate saturation versus time along with the GOR. Figure 9 shows that at the time of GOR increase both the bottomhole and near well pressures have already been declining without a particular behavior to explain the GOR increase. Figure 10 plots the near-well condensate saturation and GOR trends versus CGP. We can see clearly that the GOR increase coincide with the reduction (or revaporization) of oil (condensate) saturation.
Thus. the reservoir phase behavior (in-situ condensate revaporization) is shown to link directly with the GOR increase. The revaporization, in turn, is a result of local fluid composition and pressure. During production of condensate wells, it has been found from compositional simulation' 3 and from well testing (e.g. in build-up test of condensate wells) that the insitu fluid phase behavior, particularly that near the well, may change from a retrograde condensate to a bubble-point behavior. A bubble-point fluid system would release lean solution gas upon pressure decline, bringing about a sharper GOR increase, than would be a retrograde condensate fluid system. (where So is a maximum in the trajectory) the fluid is a volatile non-critical oil, and with an oil saturation is about 45% HCPV. When pressure further declines, the volatility of fluid gradually reduces, indicated by the milder So-versus-pressure curves in Figure 11 . The oil saturation near the well remains near 42% HCPV at P=3~psia. The hydrocarbon components vaporized during the revaporization process composed largely of methane-ethane (78 70 according to the model), Such vaporized lean gas contributes to sharp increase of GOR and reduces liquid production rate when pressure further declines.
The revaporization occurs first to fluid closest to the well. It then propagates into the reservoir, thus widening the two-phase region inside the reservoir (see the rapid expansion of Regions 2 and 1 shown in Figure 6 ).
In Figures 11 and 12 , we demonstrate through model results that significant amount of oil will be left behind a pressure depletion process and that the revaporization releases lean hydrocarbons. Such observations argue for early start of pressure maintenance through lean gas injection. The gas injection project in fact has been underway in the Cupiagua field.
Validating Pseudo Steady State Model for Long Term Deliverability Prediction
One objective of this work is to establish the applicability of pseudo-steady-state model for forecasting long-term well deliverability. The approach taken is to compare the in-situ fluid PVT properties and phase behavior predicted by both pseudosteady-state and compositional models.
There have published papers which presented results of pseudo-steady-state model versus compositional and black-oil models. Of most relevance to this work are those by Fusse114 nv~by Fevang and Whitsonb.
Fussell compared the true steady-state (infinite-acting-reservoir) condensate saturation profile with those from an EOS compositional model for three gas systems. The comparison is thus only valid when the condition of infinite-acting reservoir applies (referring to Prediction C in Fussell's paper). Fevang and Whitson emphasized the important requirement of production GOR which determines the flowing hydrocarbon composition at any time during depletion.
The above authors then validated the pseudosteady-state model for extended production times through comparison of its predicted gas rate versus that by a black-oil model.
In our work, we use directly the EOS compositional model (which was calibrated by the field production data) to establish the validity of the pseudo-steady-state model, particularly for conditions when GOR becomes significantly higher than the original value (namely when two phase flow dominates the entire reservoir).
To validate the pseudo-state-model for wide-ranging production time periods, it is most relevant to examine and compare the in-situ flowing compositions of the compositional model with that recombined from the production GOR (for the pseudo-steady-state model) at the same time step. The flowing compositions in Region 1 were extracted from the compositional model for several time steps of interest. We have found that the extracted flowing compositions versus radial locations at a given time step show striking similarity among themselves, even when production GOR is significantly higher than the original value. Table 3 lists flowing compositions for two time steps: one with a small Region 1 (at 36.54 Days) and one with Region I occupying the entire reservoir (at 300 Days). It is demonstrated that while the reservoir pressure is on steady decline and with increasing production GOR, the in-situ flowing fluid compositions at a time snapshot across the reservoir do confirm closely to a pseudo-steady-state condition.
We then use the production GOR-combined compositions (as shown in Table 3 ) and perform EOS CCE simulations for four selected time steps. The calculated oil saturations are compared with the flowing oil saturations from the compositional model at the grid-block pressures. Similarly, the in-situ oil viscosities are compared. The comparisons are presented in 6 Sheng-Tai Lee, BPX Houston, TX, and Martial Chaverra, BPX-Colombia (Bogota-Colombia) SPE 49265
Figures 13 and 14, respectively. For practical purpose, the pseudo-steady-state model can reproduce in-situ phase behavior and PVT properties of a dynamic compositional process, if 'alues of the producing GOR and boundary pressures are given. Itis interesting to note that the viscosity curve at Time = 300 Days behaves differently from the others, caused by a quite different flowing composition (as shown in Table 3 ).
In Figure 15 , we compare the gas viscosity calculated by the pseudo-steady-state model with those from the compositional model in Regions 3 and 2 for several applicable time steps. The pseudo-steady-state results were generated by performing an EOS CVD, as first suggested by Fevang and Whitson6, using the original composition.
Pseudo-Steady-State
Model Prediction of Gas Rates In the preceding section, we have demonstrated that, given a production GOR, the pseudo-steady-state theory model can predict practically the same in-situ fluid PVT properties and phase behavior as those from a much complicated compositional model.
This establishes the applicability of using pseudo-steady-state model to calculate well deliverability (or gas production rate), given the parameters (production GOR, Pbh and Pr).
A pseudo-steady-state model was the developed via an Excel spreadsheet calculation. The model was then tested using the gas production data from Well B (of Table 1 The corresponding producing GORS are also available from well separator tests.
In the Excel spreadsheet calculation, the parameter regression option was utilized. Thus, certain model parameters (e.g. Skin, or KH value determined from well testing) can be calibrated to match field measured rates. In our work, the welltest reported skin (S= 10, Well B in Table 1 ) was adjusted to a value of 12.25.
Such a slight alteration of skin parameter may improve the compositional model parameter. Recall that in our compositional model results (see Figure 3) , the cumulative gas produced (CGP) was adopted as the independent variable, CGP, being an independent variable, could mask different model results (e.g. production GOR) caused by a slight difference in model parameters (e.g. value of skin used).
In Figure 16 the model-calculated rates are compared with the field data, It is shown that an excellent match can be achieved with the pseudo-steady-state model.
Conclusion

1.
A one-D compositional model was developed to simulate production of three condensate wells from the giant near-critical condensate Cupiagua field in Colombia. The characteristics of the production behavior, in terms of production GOR versus cumulative gas production and a pressure-buildup test, are accurately matched by the compositional model. Apart from appropriate input data for the rock and for the fluid (through EOS), the key parameters affecting the production behavior among the three wells are the degree of fluid undersaturation and the drainage radius associated with each well. 2. The pseudo-steady-state formulation was analyzed. It was shown that during the early stable-flow (or infinitely-acting-reservoir) period, a flow region, containing a flowing gas and an immobile condensate liquid or Region 2, cannot exist. As a result, during such condition, the condensate saturation exhibits a shad iscontinuity from zero to the critical condensate saturation when the local reservoir pressure drops below the original dew point pressure. Such a behavior was verified through the numerical compositional model.
3.
The production GOR is a crucial parameter for assessing the producing efficiency and as an input to the pseudo-steady state model. Through compositional model results, we show that the GOR increase is directly related to the revaporization of the oil near the producing well. In particular, at the time of revaporization, the near wellbore fluid has changed to a bubble-point system from an original near critical condensate system. The relatively lean solution gas released during pressure depletion contributes to the significant GOR increase after revaporization occurs. 4. The in-situ flowing compositions from the compositional model were extracted and compared with the composition calculated from the production GOR for several time periods. The very close comparison of these two compositional sets supports the validity of the pseudo-steady-state model, for conditions where the production becomes higher than the original value. Finally, based on field data, we demonstrate that a stand-alone spreadsheet-driven pseudo-steady-state model can be used to calculate accurately the gas production rate, provided that the field production GOR is known. 
Acknowledgments
